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ABSTRACT
To understand the functions of proteins at a molecular level, it is often necessary to
determine their three-dimensional structure. Fast Photochemical Oxidation of Protein (FPOP) is
a hydroxyl-radical-based protein footprinting (HRPF) technique that utilizes a pulsed KrF laser
(248 nm) to trigger photolysis of hydrogen peroxide to produce hydroxyl radicals, which
subsequently modify the solvent exposed surface area of proteins. However, this technique has
some disadvantages: being time-consuming, especially when dealing with a large sample size,
adjustment of flow rate and difficulty with membrane protein oxidation. To address these issues,
we developed a platform to perform FPOP in microtiter plates instead of the traditional capillary
set up. To ensure reliability and reproducibility of microtiter FPOP and evaluate microtiter FPOP
against traditional flow FPOP, we used three systems: adenine-based hydroxyl radical dosimetry;
oxidation of the model peptide [Glu]1-Fibrinopeptide B (GluB); and HRPF analysis of the model
protein myoglobin. We demonstrated that microtiter based FPOP can provide comparable
oxidation of model peptide and model protein as compared to traditional capillary FPOP.
Automation of the system substantially reduces experimental time and minimize human errors.
Lectins are sugar-binding proteins that perform various biological functions such as cellular
recognition, attachments, etc. Pulses, the dried edible seeds of certain plants, are great sources
of lectins, and a proteomics approach directed at lectins identification would bring substantial
improvement in the lectin identification process. Lectins from nine different plant species were
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analyzed through SDS-PAGE and proteomics analysis. After LC-MS/MS analysis, proteins were
identified with protein database searches using Uniprot. Functionally uncharacterized proteins
were identified with database searches, were annotated with the Pfam and NCBI-CCD databases.
In-vitro pharmacological screening will be carried out to assess the pharmacological effects of
these lectins.
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CHAPTER 1: INTRODUCTION
Introduction
Identification and determination of protein structures remain a central part of life science
research (Domon & Aebersold, 2006). Proteins can form a myriad of shapes that correspond to
functional domains of biological significance due to the presence of noncovalent interactions
(Wang & Chance, 2011). The number of diseases associated with protein misfolding are grouped
together under the name of protein conformational disorders (Soto, 2001). Although proteins’
conformational changes are vital for normal physiological functions, an error in the process could
be lethal (Ellis & Pinheiro, 2002). Moreover, the three dimensional structures of protein
therapeutics are a key component in understanding the molecular structure, biological function
and pharmacological function of a protein (Li & Chen, 2019). Deviation from the native structure
can have significant impact on quality, stability, safety and efficacy of protein therapeutics with
increased risk of immunogenicity and loss of biological function.
Mass spectrometry (MS) is a powerful analytical technique employed to assess the
structure of proteins, conformational changes in the presence and/or absence of ligands, and
proteins-protein/protein-ligand interactions. Footprinting is a powerful method for mapping the
interactions between the domains of macromolecules and mapping conformational changes due
to ligand binding. During the footprinting experiments, the solvent accessible surface of the
proteins are examined through chemical modification or cleavage with the use of specific
1

chemicals or enzymes (Takamoto & Chance, 2006). Footprinting based approaches were
originally developed to study nucleic acids structure and dynamics (Wang & Chance, 2017). Three
different types of approaches are available for MS-based structural analysis (Wang & Chance,
2011): covalent labeling of macromolecules, chemical cross-linking, and hydrogen–deuterium
exchange (HDX). Of the three approaches, covalent modification/labeling represents a robust
method to probe protein and nucleic acid macromolecular structures in solution (Brenowitz,
Chance, Dhavan, & Takamoto, 2002). Hydroxyl radical-based approaches are highly popular due
to the high reactivity of hydroxyl radicals that react with most of the amino acids with different
reaction kinetics and comparable size to a water molecule (Kiselar & Chance, 2010).
With the instrumental and software advancement of mass spectrometry as applied to
probe proteins, a remarkable progress took place in the MS-based protein footprinting. In the
early 1990s, chemical reagent-based studies were carried out to probe the site of modification
of proteins based on mass shift (Hanai & Wang, 1994; Steiner, Albaugh, Fenselau, Murphy, &
Vestling, 1991). Meanwhile, the HDX method coupled with MS was used to probe intact proteins
and conformational changes within the proteins (Katta, Chait, & Carr, 1991; Z. Zhang & Smith,
1993). Later, hydroxyl radical-based footprinting technology was introduced to probe the solvent
accessible sites of proteins (Maleknia, Chance, & Downard, 1999).
Hydroxyl Radical Protein Footprinting
Hydroxyl Radical Protein Footprinting (HRPF) coupled with mass spectrometry is used to
comprehensively study protein structure and conformational changes of proteins (Huang,
Ravikumar, Chance, & Yang, 2015). Folding of a one-dimensional amino acid sequence into a
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three-dimensional structure creates protein topography. In this folded conformation, some
residues are buried, whereas others are more exposed and solvent-accessible on the protein
surface. In HRPF, hydroxyl radicals are used to monitor the solvent accessibility of the proteins,
as shown in Figure 1. Due to the hydroxyl radical’s similarity in size to water molecules, hydroxyl
radicals can easily oxidize side chains of surface reactive amino acid residues in aqueous solution.
Moreover, hydroxyl radicals react with protein functional groups depending on their specific
chemistry and solvent accessibility (Wang & Chance, 2011). The hydroxyl radicals react with
amino acids with inherent reactivity while backbone C-α and amide bonds are much less reactive
targets of radical attack compared to the preferred side chain sites. The relative reactivity of the
20 side chains follows the order: Cys > Met > Trp > Tyr > Phe > Cystine > His > Leu ∼ Ile > Arg ∼
Lys∼ Val > Ser ∼ Thr ∼ Pro > Gln ∼ Glu > Asp ∼ Asn > Ala > Gly (Takamoto & Chance, 2006).
Hydroxyl radicals (•OH) are generated within microseconds to minutes depending on the
methods used to generate the radicals, using photochemical or discharge sources from water in
aqueous solution (Gupta, Celestre, Petzold, Chance, & Ralston, 2014). Moreover, the time frame
for protein folding/unfolding kinetics ranges from microseconds to milliseconds (Dai, Gardner, &
Fitzgerald, 2005). With the oxidation of amino acids, the conformation of proteins changes
depending on the states of oxidation, and further oxidation might provide false structural
information. While some small proteins can undergo global unfolding in microseconds
(Naganathan & Muñoz, 2005), changes in secondary structures within the proteins are even
faster than this timescale, and a higher lifespan of radicals lead to false positive data (Hambly &
Gross, 2005). An ideal compound should label the proteins below the proteins folding kinetics
timescale. In laser induced photochemical oxidation of proteins, in the presence of radical
3

scavengers, the active radical is removed in 1 µs, which is faster than the overall protein unfolding
timescale (Gau, Sharp, Rempel, & Gross, 2009; Hambly & Gross, 2005). The controlled radicalbased methods differ from the naturally occurring oxidation from reactive oxygen species (ROS)
in the proteins because the experimental procedure is tuned to control the exposure time
minimizing the double oxidation of proteins. There are several ways to produce hydroxyl radicals.
Each method has its own shortcomings, and previous studies of lysozyme footprinting with
hydroxyl radicals generated from two different methods provide similar oxidation (Maleknia
Chance, & Downard, 1999; Maleknia, Ralston, Brenowitz, Downard, & Chance, 2001). There are
six tryptophan residues in lysozyme, and the oxidation of these residues, induced with hydroxyl
radicals generated with two methods, were measured. Out of six tryptophans in the lysozymes,
two tryptophans at positions W62 and W123 showed oxidation in both methods, and the level
of oxidation is closely related. Level of oxidation also demonstrated that W62 is 1.4 times more
solvent accessible than W123. Another study directed to map the surface of the protein solvent
accessible sites of the myoglobin demonstrated that protein oxidation by chemically generated
radicals yields oxidation comparable to the NMR based study (Sharp, Becker, & Hettich, 2003).
Apomyoglobin, a monomeric protein with eight helices, was used to study the folding of
proteins using the radical footprinting method (Maleknia and Downard 2001). Radicals generated
from X-ray radiolysis of water were used after treating the proteins with varying concentrations
of urea. Apomyoglobin is an intermediate product in the biosynthesis of myoglobin and possesses
similar structural features with the heme-containing native state. LC-MS analysis of
apomyoglobin after radical exposure provided information regarding the folding pattern of the
protein. Out of eight helices, analysis of three of the helices showed that helix A and B/C follow
4

the cooperative global unfolding pattern where helix G showed local unfolding behavior, as
shown in Figure 2 (Maleknia & Downard, 2001). Previous NMR and Raman studies yielded a
similar result, indicating a complex pattern of helix G unfolding showing some of helix G
undergoes local unfolding where others helices are resistant to local unfolding. Radical
footprinting approaches have been employed to study protein stability, protein-protein
interactions, and binding site determinations (Wang & Chance, 2017).
Fast Photochemical Oxidation of Proteins (FPOP)
There are multiples ways to generate hydroxyl radicals, including (but not limited to) the
Fenton reaction (Sharp, Becker, & Hettich, 2003), UV irradiation of hydrogen peroxide (Sharp,
Becker, & Hettich, 2004) and the radiolysis of water with a high-energy X-ray synchrotron beam
(Kiselar, Janmey, Almo, & Chance, 2003a, 2003b). Due to the characteristic folding and unfolding
behavior of proteins, it is desirable to have the hydroxyl radical’s lifetime very short, and in fast
photochemical oxidation of proteins (FPOP) method oxidation takes place faster than protein
unfolding ( Gau, Sharp, Rempel, & Gross, 2009).
FPOP is a protein footprinting technology where hydroxyl radicals are generated from
hydrogen per oxide through pulsed laser photolysis in a flow system. The FPOP method limits the
sample exposure time to hydroxyl radicals to a sub-millisecond timescale by scavenging the
excess radicals and exposing the samples to the laser system in a flow system ( Zhang, Cheng,
Rempel, & Gross, 2018). Gross and coworkers are credited for introducing the FPOP method to
probe protein structure and conformational changes (Hambly & Gross, 2005). The major
components of the FPOP instrumentations include: i) a pulsed laser source, ii) a focusing lens,
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and iii) a syringe pump connected to a fused silica capillary tubing to form a flow cell for
illumination, as depicted in Figure 3. The pulsed KrF excimer laser at 248nm photolyzes hydrogen
peroxide to generate hydroxyl radicals which subsequently label the solvent accessible amino
acids. In the FPOP method, generally 15-20% protein samples remained unexposed to the
radicals; this volume is referred to as the exclusion volume, which minimizes the double exposure
of the samples to the radicals. During the experiment, the sample of interest is mixed with a
radical dosimeter and a radical scavenger in a suitable buffer. Just before the sample exposure
to the laser hydrogen peroxide is added. Using a syringe pump, samples are introduced to
capillary and exposed to a pulsed laser, which photolyzes the hydrogen peroxide to generate
hydroxyl radicals. The spectrophotometer is used to measure the hydroxyl radical generated in
real time (Sharp, Misra, Persoff, Egan, & Weinberger, 2018), and subsequently the samples are
quenched with catalase and methionine amide to quench extra radicals or peroxide. The proteins
are subsequently denatured and digested using the proteolytic enzyme trypsin and analyzed with
LC-MS. It is absolutely vital to maintain the calculated flow rate during the experiment to
minimize the double oxidation of protein and to minimize sample-to-sample variation. However,
it was recently shown that injection of higher amount of FPOP samples greatly reduce the
sample-to- sample variation and improve the data quality (Abolhasani et al., 2018). Moreover,
the capillary needs to be cleaned with water between sample injections to minimize cross
contamination. To prevent the breakdown of the capillary, the capillary needs to be changed
after every 2-3 samples. Otherwise it might be broken during the experiment, resulting in the
loss of samples. Any kind of vibration in the capillary platform during the experiment might
change the laser exposure to the sample, leading to poor results. The position of the lens is crucial
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to focus the laser beam to the specific small regions of capillary, and attention must be given to
examine whether the lens is focusing all the laser beam in the process.
FPOP was previously employed to determine the binding site of the antigen-antibody
complex. The binding sites of VEGF to a monoclonal antibody were determined by the FPOP
method ( Zhang, Wecksler, Molina, Deperalta, & Gross, 2017). Peptide level oxidation analysis
after an LC-MS/MS experiment revealed three peptides showed significant difference in bound
form compared to ligand free form as shown in Figure 4A and subsequent residue level analysis
confirms the binding sites of the VEGF to the antibody, as shown in Figure 4B. The binding sites
of the Robo 1-heparin were determined through the FPOP footprinting method, and two binding
sites were identified. Out of two sites, one site was newly identified and confirmed by X-ray
crystallography and mutagenesis techniques (Li et al., 2015). The heme binding site of myoglobin
(Hambly & Gross, 2005) and Ca/peptides binding sites of calmodulin (Zhang, Gau, Jones,
Vidavsky, & Gross, 2011) were determined using FPOP methods. FPOP can also be used to study
the aggregation of proteins in different pathological conditions, especially Alzheimer's or
Parkinson’s. Li and coworkers employed FPOP to study the oligomerization of amyloid beta
protein associated with Alzheimer's and showed that solvent accessibility changes during
different stages of protein aggregation (Li, Rempel, & Gross, 2016). Another study examined an
isoform of oligomeric apolipoprotein, a protein that regulates lipid metabolism and controls lipid
redistribution in tissue and cells. This study showed that isoform 4 of the protein ApoE, an isoform
associated with Alzheimer's disease, significantly differs in structure at the M108 position from
the other two isoforms, ApoE2 and ApoE3, although the rest of the structure is highly similar
(Gau, Garai, Frieden, & Gross, 2011). Recently, footprinting of solvent accessible sites of living
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cells has been introduced. Figure 5 demonstrates that FPOP can modify different proteins in
various subcellular locations in living cells (Chea & Jones, 2018a; Espino, Mali, & Jones, 2015).
With the development and USFDA approval of new protein-based therapeutics, MS-based
structural interrogation techniques have bigger roles to play to ensure the safety and efficacy of
these products. Improper conformation in the protein-based therapeutics results in loss of
efficacy and can lead to toxicity issues (Manning, Chou, Murphy, Payne, & Katayama, 2010). FPOP
was previously employed to study conformations of Neupogen®, a patented granulocyte colonystimulating factor (GCSF), with several expired samples of recombinant GCSF, as well as heattreated Neupogen® (Watson & Sharp, 2012). The results revealed the conformational differences
among differently treated samples of Neupogen® (Figure 6). Recently, the FPOP method was
used to study membrane proteins in solution. Study of solvent accessibility of the outer
membrane protein OmpT in the presence of two surfactants showed one surfactant stabilized
the protein more than the other one (Watkinson, Calabrese, Ault, Radford, & Ashcroft, 2017).
These studies indicate the widespread application of FPOP and the major roles it might play in
the biologics and biosimilar characterization as well as to ensure the safety and efficacy of these
products. This is a much faster approach to analyze the protein based therapeutics compared to
the traditional NMR or X-ray crystallography-based approaches.
Current capillary-based FPOP has been extensively used with great success to study the
protein higher order structure; however, there are some challenges associated with the flowbased capillary FPOP setup. Exclusion volume, the amount of sample unirradiated with the laser,
needs to be considered to control the flow rate. Moreover, the FPOP experiment is time
consuming and involves lots of physical work, which increases the chance of unwanted human
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errors. Furthermore, living cell-based FPOP holds great promises to probe the protein in the
native conformations, and microtiter-based FPOP would be a great addition to perform the living
cell FPOP experiment. A practically implementable FPOP instrumental platform would address
these issues and bring a positive change to FPOP-based research. An ideal instrumental set-up
would be simple to design, inexpensive, easy to handle, and minimize all the difficulties
associated with capillary-based FPOP experiment. Such an innovative set up with automation
technology would attract scientists or pharmaceutical companies to integrate and implement
FPOP-based technology to probe the protein structure.
Identification of lectins from pulse proteomes
Proteomics is a rapidly evolving field within the omics sphere and it, by definition, is the
study of the proteome, including expression, structure, function, interaction and modification of
proteins at any stage (Domon & Aebersold, 2006). For MS-based proteomics, the extracted
protein samples are digested using one or several enzymes to produce a collection of peptides
(Wiśniewski & Mann, 2012). Based on the pattern of peptides detected by mass and MS/MS
fragmentation patterns, different bio-informatics tools compare the MS data with existing
database records for protein ID. Many bioinformatics tools are currently employed for protein
domain and motif analysis, and rapid analysis of protein–protein interaction, as well as data
analysis of MS (Aslam, Basit, Nisar, Rasool, & Khurshid, 2017). Various bioinformatics tools in
proteomics are advancing the field while computational algorithms, database repositories, and
new software platforms continue to be developed (Deutsch, Lam, & Aebersold, 2008;
Matthiesen, Azevedo, Amorim, & Carvalho, 2011). In combination with protein and peptide
separation methods, mass spectrometry offers the efficient qualitative identification of proteins
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in complex mixtures (Ishihama et al., 2008). Despite the exceptional impact of mass spectrometry
and peptide separation techniques on proteomics, the identification and quantification of all of
the proteins in a biological system are still unmet technical challenges (Bantscheff, Schirle,
Sweetman, Rick, & Kuster, 2007). Pulses are nutritious seeds providing many nutritional and
physiological benefits to human health and are very rich in protein, carbohydrates, dietary fiber,
and other bioactive components (Selvaraj et al. 2019). They are the dried seeds of leguminous
plants, commonly dry peas, lentils, and chickpeas. Pulses have very high protein contents (Ofuya
and Akhidue 2005), and many of these are carbohydrate binding proteins. The nutritional profiles
of pulses are depicted in Figure 7.
Lectins are a group of proteins that specifically and reversibly bind to carbohydrates and
are present in microorganisms, plants, and animals (Lakhtin, Lakhtin, & Alyoshkin, 2011; Zeng,
Andrade, Oliveira, & Sun, 2012). Research associated with lectins have attracted different fields
of science and technology due to the diverse application of lectins. Lectins perform various
functions and control biological process including cellular adhesion during glycoprotein synthesis
and cell attachment and tissue colonization in microorganisms (He et al., 2018). Lectins bind to
intestinal carbohydrates and are resistant against proteolytic digestion, which leads to toxicity
(Menard, Cerf-Bensussan, & Heyman, 2010). Plant lectins specifically are effective as antifungal
agents (Hoff, Brill, & Hirsch, 2009), and lectins play a vital role in the study of monitoring cellsurface oligosaccharides (He, Shi, Walid, Ma, & Xue, 2013). Lectins play a major role in recognition
processes of the carbohydrate expression on living cells in response to drugs (Mun et al., 2012).
Additionally, lectins have been used in lectin affinity chromatography to identify glycoproteins
and possess various biological functions such as anti-tumor (Xia & Ng, 2006), immunomodulatory
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(Rubinstein, Ilarregui, Toscano, & Rabinovich, 2004), anti-human immunodeficiency virus (HIV)
(Barrientos & Gronenborn, 2005), and anti-insect (Macedo et al., 2003). Previously, a study aimed
to identify the lectins from black turtle bean, an important variety of common beans, integrated
both proteomics and PCR methods and was able to identify a lectin from this specie (He, Shi, Li,
Ma, & Xue, 2015). The identified lectin exhibited a single band of 31 kDa in SDS PAGE analysis,
and the sequence homology matching revealed the protein has a high degree of homology with
the previously characterized lectins. A mass spectrometry based approach was employed to
determine the isoforms of banana lectins (Gnanesh & Surolia, 2018), and three isoforms of lectins
were identified. One lectin presents as non-acetylated form where the rest of the two lectins
were acetylated. A similar study aimed at determining the different isoforms of Arachis hypogaea
stem lectin (SL-I) (Agrawal, Kumar, & Das, 2010). With the combination of proteomics, gel
electrophoresis and western blot analysis, six isoforms of the lectin were characterized. Lectin
from Amaranthus leucocarpus syn hypocondriacus (ALL), which has specificity for the N-acetylD-galactosamine, was previously characterized using LC-MS based proteomics approach
(Hernandez et al., 2001). The amino acid sequence of Cucurbitaceae phloem lectin, a specialized
group of chitin‐binding proteins, was determined to study the role of tryptophan in its activity
with the combination of chitin affinity chromatography and mass spectrometry analysis (Kumar,
Mishra, Anantharam, & Surolia, 2015). A combination of ion exchange, chitin affinity, and size
exclusion chromatography coupled with LC/-MS/MS was employed for the isolation and
identification of a novel lectin from the seeds of Bauhinia forficata (Silva et al., 2012).
Lectins perform wide range of functions in plants and animals including cellular
recognition, cellular attachment, etc., and considering the effects of lectins on human and animal
11

health, investigation to identify new lectins and assess the effects of the newly identified lectins
holds great promise. There is a shortage in comprehensive proteomic approaches to identify
lectins from different pulses. Implementing the LC-MS/MS approach to identify new lectins
would eliminate the need to fully purify the extract for identification. Trace amount of lectins can
be identified, and annotation of uncharacterized lectins can be made using different database
searches. The proteomics approach would be a great addition in lectin identification due to the
sensitivity of the mass spectrometer and the continually improving protein database. This would
minimize the time required to identify the lectins through different biochemical methods and
improve the overall lectins identification process.
Research Aims
Considering the discussion in the FPOP section, it is evident that a high-throughput method
will drastically eliminate the overall duration of FPOP experiments. Such innovative methods with
the integration of automation will minimize human errors and will widen the FPOP application in
different sectors. On the other hands, the integration of proteomics-based approach in the
identification of plant lectins holds a great promise due to the high sensitivity of the MS
instruments. There are two major aims of this research study
1) Development of a high-throughput hydroxyl radical protein footprinting in a microtiter
plate.
2) Identification plant lectins from different pulses with the integration of LC-MS/MS and
proteomics approaches.
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Figure 1: Schematic of RP-MS based footprinting. The protein of interest is
labelled with hydroxyl radicals and later process by proteolytic digestion. The
digested protein analyzed by LC-MS/MS analysis. Used with permission (Huang,
et al. 2015).
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Figure 2: Plots of the oxidation levels within peptide segments of apomyoglobin
comprising helices A, B/C and G as a function of urea concentration. Used with
permission (Maleknia & Downard, 2001)
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Figure 3: Schematic of FPOP procedure. The samples are flown through capillary with the
syringe pump. Laser beam is focused to capillary using lens and UV spectrometer used as online
dosimeter. After sample oxidation, samples collected in eppendorf with quenching solution.
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Figure 4A: Peptide level analysis of VEGF indicates there are significant changes of oxidation in
three peptides based on the presence of ligands. 4B: Residue level analysis of VEGF shows us
possible site of interaction between VEGF and ligands. Three amino acids show significant
difference in oxidation with the presence of absence of ligands. Used with permission (Zhang,
et al. 2017)

16

Figure 5: FPOP of living cell. A. Subcellular location of proteins oxidized in FPOP experiment. B.
Imaging of oxidized cells indicates cells are still active. Used with permission (Espino, et al.
2015)
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Figure 6: FPOP data for Neupogen therapeutics and Granulocyte Colony‐Stimulating Factor
(GCSF) in different conditions. Four different peptides of the protein in various conditions are
shown here. Asterik in bar indicates statistically significant difference in oxidation compared to
Neupogen indicating differences in the protein conformation (n=3). Used with permission
(Watson and Sharp 2012)
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Figure 7: Pictorial representation of the nutritional components present in the pulses. Used with
permission (Venkidasamy, et al. 2019)
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CHAPTER 2: DEVELOPING HYDROXYL RADICAL PROTEIN
FOOTPRINTING IN MICROTITER PLATE
Introduction
Mass spectrometry (MS) is rapidly emerging as an analytical tool in structural biology
research and able to provide insights into protein high order structure (Zhang et al., 2018). Many
biophysical techniques such as circular dichroism (CD) (Li et al., 2011), Fourier transform infrared
spectroscopy (FTIR) (Kong & Yu, 2007), electron microscopy (Plath et al., 2016), and differential
scanning calorimetry (DSC) (Durowoju, Bhandal, Hu, Carpick, & Kirkitadze, 2017) have been
developed to study the protein three dimensional structure. Compared to the traditional higher
resolution techniques such as nuclear magnetic resonance (NMR), and X-ray crystallography, MS
is gaining its popularity because MS requires lower sample amounts and assures faster analysis
turnaround (Takamoto & Chance, 2006; Xu & Chance, 2007).
Protein footprinting is a way to study the higher order structure of protein and protein
interaction within macromolecular assembly. Significant improvement is achieved for MS
resolving power, speed, and the application of reversible labeling and irreversible labeling have
seen increase, now providing more structure resolution, depth, and accuracy of footprinting
(Wang & Chance, 2011). Hydroxyl radical footprinting (HRF) coupled with mass spectrometry is
the most widely used irreversible covalent labeling method to characterize protein structure and
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dynamics (Wang & Chance, 2011). Complementary to other MS-based methods, such as
hydrogen-deuterium exchange (HDX) and ion mobility spectroscopy (IMS), HRPF measures
changes in the protein topography using a stable and broadly reactive labeling group (Riaz, Misra,
& Sharp, 2018). Several methods such as Fenton chemistry, UV irradiation H2O2, radiolysis of
water with X-ray synchrotron beam, etc. have been developed to produce a labelling group. UV
irradiation requires minute time scale and is not compatible with a protein folding and unfolding
time frame. Additionally, X-ray synchrotron maintenance and operation is expensive for most
researchers. To minimize the drawbacks related to radicals generation, two groups
independently introduced two laser-induced methods for pulsed UV photolysis of hydrogen
peroxide: Fast Photochemical Oxidation of Proteins (FPOP) (Hambly and Gross 2005) and batch
photolysis (Aye, Low et al. 2005).
First developed by Hambly and Gross in 2005(Hambly & Gross, 2005), FPOP is an approach
to footprint proteins by radicals generated by laser photolysis in a flow system. During the
experiment, a mixture of the analyte protein, hydrogen peroxide, and a hydroxyl radical
scavenger is pushed through a capillary past a focused KrF excimer laser (248 nm wavelength).
The pulsed laser is used to photolysis the hydrogen peroxide (H2O2) to generate hydroxyl radicals,
which have a comparable size to water and high reactivity with a majority of protein amino acid
side-chains to produce detectable oxidized products (Huang et al., 2018). Hydrogen peroxide
(H2O2) photolysis produces a sharp and short-lived burst of hydroxyl radicals that are consumed
in under a microsecond (Gau, Chen, & Gross, 2013; Gau et al., 2009). Ideally, with the
introduction of exclusion volume, each sample is expected to be exposed to only a single laser
pulse eliminating the double exposure of protein to labelling compounds (Aye, Low, & Sze, 2005;
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Watson et al., 2009). However, due to the characteristic parabolic flow of the solution within the
capillary system under laminar flow conditions, a small volume of sample may be double-exposed
(Riaz et al., 2018). Previous analysis of the labeling kinetics of intact proteins by FPOP suggest
that the double exposed sample is limited to an undetectable amount if the appropriate amount
of exclusion volume is included (Gau et al., 2009).
FPOP is being extensively employed in structural biology; however, FPOP is a time
consuming method especially when the sample size is large. Furthermore, it requires significant
manual handling of the samples, increasing the possibility of human errors. It requires 13s of mid
flow time to irradiate 4µl of sample in a conventional capillary FPOP set up (Watkinson et al.,
2017), excluding sample handling. Moreover, conventional capillary FPOP set up is not
compatible to study the living cell as living cell imparts a challenge to maintain the appropriate
flow rate within the capillary (Chea & Jones, 2018b; Rinas, Mali, Espino, & Jones, 2016).
Modification of capillary setup that removes sample reloading, cleaning the capillary between
the samples, and procedures like flow adjustment and addition of exclusion volume could
substantially improve the FPOP application.
Previously, protein oxidation was carried out in a microfuge tube in a nanosecond
timescale with a single laser pulse (Aye et al., 2005). Later, researchers used 12 well plates to
conduct protein footprinting of EGFR (Zhu et al., 2017). More recently, calmodulin footprinting
was carried out using photoleucine as a labeling agent in both static (Jumper, Bomgarden,
Rogers, Etienne, & Schriemer, 2012; Jumper & Schriemer, 2011) and capillary set ups (Zhang,
Rempel, & Gross, 2016). Although the two results were grossly similar, there were significant
differences in the peptide-level footprint that might arise due to variables other than exposure
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technique. The correlation between labeling by FPOP and amino acid side chain solvent
accessibility has been established (Huang et al., 2015; Kaur, Kiselar, Yang, & Chance, 2015; Xie,
Sood, Woods, & Sharp, 2017) . However, there is no systematic comparison of single pulse batch
photolysis and FPOP results that establish the equivalency of the two technologies.
Inspired by work pioneered by Sze and co-workers, we report our first investigations into
the technologies required to develop FPOP and related technologies into a high throughput
format: the development and evaluation of a 96-well microtiter plate-based FPOP exposure
system. We describe efforts involved in ensuring reliability and reproducibility in microtiter FPOP
and evaluate microtiter FPOP against traditional flow FPOP using three systems: adenine-based
hydroxyl radical dosimetry; oxidation of the model peptide [Glu]1-Fibrinopeptide B (GluB); and
HRPF analysis of the model protein myoglobin. With low sample requirements (4 µL or less), very
fast exposure times (<5 seconds per sample, which could be automated to <1 second per sample),
no sample dilution from unirradiated volumes, and compatibility with common 96-well
microtiter-based sample handling workflows already in place in biochemistry and proteomics,
our results demonstrate the considerable promise of microtiter-based single pulse batch
photolysis for increasing the throughput of HRPF, an emerging technique for the analysis of
protein pharmaceuticals (Storek et al., 2018; Watson & Sharp, 2012).
Materials & Methods
Myoglobin, GluB, and catalase were purchased from Sigma Aldrich Corp (St. Louis, MO).
Sequencing grade modified trypsin was purchased from Promega (Madison, WI). Adenine and
glutamine were purchased from Acros Organics (Fair Lawn, NJ) and methionine amide was from
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Bachem (Torrance, CA). Hydrogen peroxide (30%), LC-MS grade water, acetonitrile, formic acid
were purchased from Fisher Scientific (Fair Lawn, NJ). Corning™ Costar™ flat bottom 96 well
plates were from Fisher Scientific (Fair Lawn, NJ) and V-shaped 96 well microtiter plates were
purchased from Greiner Bio-One (Monroe, NC).
Sample oxidation
Fast photochemical oxidation of protein (FPOP) was performed with a Compex Pro 102
excimer laser (Coherent, Germany) at 248 nm wavelength as described previously (Li et al., 2015).
Adenine dosimetry was used to ensure the consistency of free radicals generated during FPOP
and microtiter plate single pulse photolysis among different samples illuminated with different
laser fluences (Xie & Sharp, 2015). For microtiter plate single pulse photolysis, a TECHSPEC®
Excimer laser line mirror from Edmund Optics (Barrington, NJ) was placed at 45° of the laser beam
at ~15 cm distance of the source as shown in Figure 8. The laser beam was deflected by the mirror
and subsequently focused by an FL uncoated, UV plano-convex lens (Edmund Optics). The
focused beam was allowed to score an index card target mounted on the optical bench to assist
with alignment of the plate with the beam. Another card positioned at the height of the surface
of the sample was used to position the focusing lens to ensure the laser spot covered the entire
surface area of the sample. A clear V-shaped well polystyrene microtiter plate was placed
beneath the lens that contained the sample to be irradiated with the laser.
The sample was mixed to contain 5 µM of GluB peptide, 5 µM myoglobin, 1mM adenine,
17 mM glutamine, 100 mM hydrogen peroxide, and 50 mM sodium phosphate buffer (pH 7.4).
Immediately after mixing, 4 µl of sample was placed in each microtiter well. The samples were
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oxidized with a single shot laser pulse and immediately quenched by addition of 5 µl of quenching
solution consisting for a final concentration of catalase (0.5 µg/µl) and methionine amide (0.5
µg/µl) to remove the residual hydrogen peroxide and other secondary oxidants. Samples were
illuminated in triplicate at each laser fluence tested. The laser fluence was calculated from the
laser energy and laser beam. The estimated fluence was calculated based on the spot size of the
beam at the approximate site of contact with the sample, assuming no loss of light from the
mirror and focusing. After quenching for one hour, the absorbance of adenine was measured by
Nanodrop UV-Vis spectrophotometer from Thermo Fisher Scientific (Waltham, MA).
Traditional capillary flow FPOP was performed as previously described (Xie et al., 2017).
Briefly, 20µl of the sample containing 5 µM of GluB peptide, 5 µM myoglobin, 1mM adenine, 17
mM glutamine, 100 mM hydrogen peroxide, and 50 mM sodium phosphate buffer (pH 7.4) for
the dosimetry measurement, were flowed through a 100 µm ID capillary through the path of a
focused laser. The laser spot width and laser pulse rate were calculated to give an exclusion
volume of 15%. Samples were immediately collected in a 1.5 mL microfuge tube containing 25µl
quenching solution (final concentration of (0.5 µg/µl) catalase and (0.5 µg/µl) methionine amide)
to remove extra hydrogen peroxide and secondary oxidants, and adenine dosimetry was
performed as described above.
Peptide/Protein digestion
After measuring the adenine absorbance, Tris HCl (50mM) and DTT (5mM) were added to
each sample and final volume was made to 40µl. Samples were heated at 95C for 15min for
protein denaturation. Samples were immediately cooled down at room temperatures. Protein
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digestion was carried out by adding sequencing grade trypsin in 1:5 ratio trypsin/protein.
Samples were incubated at 37C for overnight and reaction stopped by adding 0.1% formic acid.
The samples were stored at -20C.
LC-MS/MS analysis
The protein samples were analyzed on an Orbitrap Fusion Tribrid mass spectrometer
(Thermo Fisher Scientific) coupled to a Dionex Ultimate nano 3000 (Dionex, Sunnyvale, CA).
Samples were loaded onto an Acclaim PepMap 100 C18 nanocolumn (0.75 mm × 150 mm, 2 μm,
Thermo Fisher Scientific). The peptides were eluted with a gradient consisting of 2% to 35%
solvent B (0.1% formic acid in acetonitrile) with a balance of solvent A (0.1% formic acid in water)
over 28 min, ramped to 95% B over 5 min, held for 2 min, and then returned to 2% B over 1 min
and held for 9 min. Peptides were eluted directly into the nanospray source using a conductive
nanospray emitter. All data were acquired in positive ion mode at a spray voltage of 2500 V and
a heated capillary temperature of 300° C. Both collision-induced dissociation (CID) and electron
transfer dissociation (ETD) were used to fragment peptides, with an isolation width of 3 m/z units.
In CID mode, full MS scans were acquired from m/z 350 to 2000 followed by eight subsequent
MS2 scans on the top eight most abundant peptide ions. In ETD mode of fragmentation,
calibrated charge dependent ETD parameters were used with 5% supplementation activation of
collision energy.
Data analysis
Initial data analysis was performed using ByOnic (Protein Metrics, San Carlos CA) with
major oxidation products inserted as variable modification. Data analysis was completed
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manually, using Xcalibur version 4.1.31.9. Peak intensities of the unoxidized peptides and their
corresponding oxidation products observed in LC-MS were used to calculate the average
oxidation events per peptide in the sample with maximum 7 ppm mass error. Peptide level
oxidation was calculated by summing the ion intensities of all the oxidized peptides multiplied by
the number of oxidation events required for the mass shift (e.g., one event for +16, two events
for +32) and then divided by the sum of the ion intensities of all unoxidized and oxidized peptide
masses as represented by equation 1.

P = [I(+16)oxidized X 1 + I (+32)oxidized X 2 + I(+48)oxidized X 3 + …/[Iunoxidized + I(+16)oxidized
+ I(+32)oxidized + I(+48)oxidized ...]

(1).

where P is the average oxidation events per peptide, and I values are the peak intensities of
corresponding oxidized and unoxidized peptides.
Results
Initial measurements were made to determine the efficiency with which we generate
hydroxyl radicals in microtiter FPOP. To test this, we measured the loss of absorbance at 260 nm
of 1 mM adenine after exposure to hydroxyl radicals. As we previously demonstrated, this loss of
adenine absorbance is linear with effective radical concentration (Xie & Sharp, 2015). Our first
efforts were performed using traditional flat-bottomed microtiter plates. However, the resulting
data were highly irreproducible and showed very poor correlation, as shown in a representative
data set in Figure 9A. Based on the success with batch laser photolysis reported both by our
group and Aye and coworkers (Aye et al., 2005; Charvatova et al., 2008; Zhu et al., 2017), we
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hypothesized that irreproducibility in sample illumination was the cause. Polystyrene is largely
opaque at 248 nm; we hypothesized that UV shadowing of the sample near the wall of the well
resulting from an imperfectly perpendicular incident laser beam and/or an imperfectly aligned
well may be leading to the poor correlation and reproducibility observed. To test this hypothesis,
we performed similar adenine dosimetry experiments by placing the sample at the center of the
well in a V-shaped well plate, where the edges of the sample are far from the sides of the well.
The results are shown in Figure 9B. Adenine dosimetry indicated an effective hydroxyl radical
dose comparable to that of traditional flow FPOP, and the radical dose increased linearly with
estimated laser fluence. All further experiments described were carried out in a V-shaped 96-well
microtiter plate, with the sample centered in the well away from the walls to prevent shadowing.
Model peptide oxidation
In order to ensure that the microtiter format was not causing spurious readings in our
adenine dosimetry, we also tested the efficiency at which we could oxidize a model peptide, GluB,
by microtiter FPOP. We examined the average oxidation events per molecule for 5 μM GluB in
both microtiter FPOP and traditional flow FPOP at four different laser fluences. The results are
shown in Figure 10. For GluB, the results of microtiter FPOP and traditional flow FPOP were
indistinguishable. Differences in the optical interface and the lack of an exclusion volume in FPOP
could contribute to measured differences between capillary and microtiter FPOP oxidation
efficiency, but both GluB and adenine dosimetry show that oxidation is comparable between the
two methods. We are uncertain why adenine showed a small difference in exposure efficiency
for microtiter FPOP compared to flow FPOP, while GluB did not. However, in both cases, the
change in oxidation was linearly related to estimated laser fluence with strong reproducibility.
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This suggests that perhaps insufficient oxidized adenine recovery, especially at lower hydroxyl
radical doses, may contribute to observed differences in adenine dosimetry. A separate set of
adenine dosimetry triplicate analyses in microtiter plates gave identical results as the microtiter
dosimetry results shown in Figure 2B (data not shown) indicating that, whatever the cause of
differential slopes of adenine dosimetry response between FPOP and microtiter plate, the
dosimetry is reproducible.
HRPF of a model protein
As the primary use of FPOP lies in measuring changes in protein topography, we tested
whether performing the oxidation in the microtiter plate environment gave similar topography
results as samples tested by traditional flow FPOP. We used myoglobin as our model protein due
to its long history of HRPF studies as a model system (Chance, 2001; Sharp et al., 2003). After the
exposure of myoglobin at four different laser fluences, the protein was digested, run on LC-MS
and the oxidation level of the peptides was calculated. The sequence coverage of myoglobin was
88.3% on the ByOnic search for microtiter setup. On peptide level analysis of oxidation in
microtiter experiment, we found that out of ten peptides observed, seven peptides showed
oxidation in a linear fashion while the other three peptides did not show any oxidation. The data
analysis of oxidation event of seven peptides showed a linear response to increasing laser fluence
for all peptides as shown in Figure 11. With the exception of peptide 17-31, all peptides also
showed the good precision of measurement.
Finally, we performed the FPOP experiment for myoglobin in a capillary setting to
compare the results obtained with the microtiter plate. Two relatively similar laser fluences (8.5
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mJ/mm2 in capillary compared to 8.3 mJ/mm2 in the plate) were used to compare the peptide
level oxidation between two methods. After tryptic digestion and LC-MS run of the capillary set
up experiment, we found the sequence coverage to be 99.35%. We found eleven peptides in
capillary set up and eight of them showed detectable oxidation. Upon comparing the oxidation
of peptides between two methods, no peptide showed statistically significant differences
providing the evidence that microtiter plate oxidation of protein produces comparable oxidation
to the capillary method as presented in Figure 12.
Myoglobin oxidized by both capillary FPOP and microtiter single pulse photolysis methods
yielded equivalent results, indicating that the oxidation methods are equivalent if exposure is
appropriately controlled. We observed that the plate set up provided us similar oxidation
although it had experienced slightly less laser fluence (8.5mJ/mm2 in capillary compared to
8.3mJ/mm2 in the plate). In FPOP, a 15% exclusion volume was used to prevent illumination of
any significant volume of sample with two laser pulses; therefore, approximately 15% of the
sample remains unoxidized, lowering the average oxidation measured. However, in microtiter
single pulse photolysis, no exclusion volume is necessary; the entire sample volume is illuminated
by a single laser pulse. Therefore, assuming equivalent optical properties (e.g. light scatter from
the liquid-air interface vs. light scatter from the capillary), microtiter single pulse photolysis
should yield more efficient oxidation than FPOP for equivalent laser fluence. The relatively small
change in oxidation suggests that differential optical properties of the capillary versus the open
microtiter well compensates largely for the exclusion volume.
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Discussion
Here, we demonstrate that microtiter single pulse photolysis can achieve comparable
oxidation as traditional FPOP, yielding identical topographical measurements of proteins. With
the simple and low-cost design of experimental setup, the newly developed technique reduces
the experiment time substantially and provides the opportunity to conduct the experiment with
low sample volume. Current robotic options for microtiter plate-based assays can be leveraged
to minimize human error during the sample handling, especially when dealing with a large
number of samples. Automation of the technique will bring a drastic change in experimental time
and reduce sample variation due to human errors. This is a key step in the adaptation of HRPF
for sample screening based on topographical changes (e.g. screening for allosteric binding).
Similarly, the lack of a flow system adds flexibility to HRPF, allowing for the analysis of viscous
samples such as some poorly soluble membrane protein preparations or other samples that
present problems in a standard flow system. Additionally, as the whole sample is exposed to the
laser pulse, the exclusion volume of the capillary set up can be eliminated, alleviating concerns
with laminar flow and improving oxidation efficiency.
Microtiter single pulse photolysis has several drawbacks compared to traditional FPOP
that should be clearly acknowledged, as well. The area of incidence between the laser light and
the sample is considerably larger for microtiter single pulse photolysis. The use of cylindrical
lenses to asymmetrically compress the beam to the shape of the capillary allows traditional FPOP
to reach higher laser fluences at more modest pulse energies (Zhang et al., 2018). Because the
area illuminated is much larger in the microtiter plate, the laser energy per pulse required is
considerably higher, potentially requiring a higher power laser. Online FPOP offers online mixing
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of reagents, allowing for interesting technologies including fluidic focusing of living cells for
footprinting (Rinas et al., 2016) and rapid mixing for time-resolved footprinting experiments
(Vahidi, Stocks, Liaghati-Mobarhan, & Konermann, 2013). Additionally, traditional FPOP offers
flexibility by examining theoretically unlimited volumes of sample without reloading, limited only
by the amount of time the investigator wishes to spend on the experiment and the volume of the
sample reservoir used. Additionally, if each laser illumination event is viewed as a separate
experiment on the same sample, it becomes apparent that FPOP data actually represents an
average of many technical replicates of the photochemical event. While our data showed no
systematic advantage in oxidation precision to FPOP over microtiter photolysis, one can imagine
such a reproducibility advantage when dealing with light sources with high pulse-to-pulse
variability.
With UV-opaque microtiter plates, the volume must be kept from the edges of the well
unless the researcher is willing to perform highly precise laser/sample alignment to ensure
complete and reproducible illumination of all samples. This limits the volume of sample that can
be illuminated in a V-shaped 96-well microtiter plate. The use of UV-transparent quartz
microtiter plates and automated plate alignment may alleviate this problem, but the sample
volume will still be limited by the well volume and the desired path length for the incident UV
light. Microtiter single pulse photolysis has a potential role to play as an extension of current
HRPF technologies towards particular high throughput needs or specialty sample analysis, rather
than a wholesale replacement of FPOP.
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Figure 8: Schematic cartoon for microtiter FPOP. A mirror placed at 450 angles of laser path
deflects the laser beam onto a lens, which then focuses the light onto the well of the
microtiter plate.
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Figure 9. Adenine dosimetry of microtiter FPOP. (A): Representative data set of microtiter
single pulse photolysis carried out in a flat-bottomed 96-well microtiter plate. (B) Microtiter

single pulse photolysis carried out in a (orange) V-shaped 96-well microtiter plate or (blue)
traditional flow FPOP in a fused silica capillary. Error bars represent one standard deviation
from a triplicate data set.
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Figure 10. Comparison of GluB peptide oxidation by (orange) microtiter single pulse photolysis
versus (blue) traditional capillary FPOP. Error bars represent one standard deviation from a
triplicate data set.
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Figure 11. Correlation among oxidation event for seven peptides of myoglobin. 5 µM
myoglobin exposed to four different laser fluences keeping reagent concentration
constant. Error bars represent one standard deviation from a triplicate data set. Peptides
are grouped according to level of oxidation for improved clarity of data; both left and

right panels represent peptides from the same set of experiments.
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Figure 12. Comparison of myoglobin peptide oxidation between (blue) capillary FPOP
and (orange) microtiter single pulse photolysis. Error bars represent one standard
deviation from a triplicate data set. No statistically significant differences in oxidation
were detected (α = 0.05).
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CHAPTER 3: IDENTIFICATION OF LECTINS FROM PULSES THROUGH A
PROTEOMIC APPROACH
Introduction
Lectins are a diverse group of proteins that bind glycans of glycoproteins, glycolipids, or
polysaccharides with high affinity (Goldstein & Hayes, 1978). They are non-enzymatic proteins
containing at least one non-catalytic domain and bind specifically and reversibly to different
types of glycoproteins, mono- or oligosaccharides (He et al., 2013). Lectins serve as recognition
molecules within a cell, between cells, or between organisms due to their binding specificity to
different carbohydrates (Chrispeels & Raikhel, 1991). Lectins perform various basic biological
functions, including regulation, adhesion, protection against pathogens, and many others
(Wiederschain, 2009). Different classes of lectins are usually present in an organism in various
isoforms known as isolectins (Damme, Peumans, Pusztai, & Bardocz, 1998). The isoforms differ
slightly in terms of structural orientation and sugar binding specificity but have significant
difference in their biological activities (Leavitt, Felsted, & Bachur, 1977). Lectins can be classified
according to their structural composition such as merolectins that contain a single carbohydratebinding domain, hololectins that are composed of two or more such domains, and chimerolectins
that contain additional, non-lectin domains, usually catalytic in function (Peumans & Damme,
1995). Most of the characterized plant lectins are secretory proteins, meaning that they enter
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the secretory system and subsequently accumulate either in vacuoles or in the cell wall and
intercellular spaces (Chrispeels & Raikhel, 1991).
The scientific discipline called "lectinology" originated back in 1888 when scientist
Stillmark observed the toxicity of castor bean extracts linked to the presence of a proteinaceous
hemagglutinating factor called ricin (Kader & Delseny, 2011). The term hemagglutinin was
introduced by Elfstrand in 1898 as a common name for all plant proteins that clump blood cells.
The discovery of nontoxic lectins in early 1900 from the legumes Phaseolus vulgaris, Pisum
sativum, Lens culinaris, and Vicia sativa led to the idea of the beneficial effects of plant lectins.
Subsequently many nontoxic lectins were discovered, and it became clear that lectins are
widespread in the plant kingdom. During that period, it was discovered that plant lectins are
capable of selectively agglutinating particular human blood groups within the ABO system, and
this finding led to the introduction of the term "lectin," which is derived from "legere," the Latin
verb for "to select" (Boyd & Reguera, 1949; Renkonen, 1948). However, because most
hemagglutinins are also capable of agglutinating other cells, they were also referred to as
agglutinins. Though the term lectin is actually most commonly used, the terms agglutinin and
hemagglutinin still persist as synonyms.
Among plant lectins, legume lectins have been the most widely found (Hamid, Masood,
Wani, & Rafiq, 2013) and belong to a group of highly homologous proteins that are abundant in
the seeds (Lagarda, Guzman, & Vazquez, 2017). The three-dimensional structure of plant lectins
is characterized by β-sheets that are connected by α turns, β turns and bends Figure 13 (LagardaDiaz et al., 2017). Additionally, the quaternary interfaces are formed between β-sheets, and βsheets are connected by loops forming antiparallel chains usually devoid of α helices (Sharma &
39

Surolia, 1997; Nathan & Lis, 1990; Sharon & Lis, 2002). Structural analysis of monomers indicate
a sandwich of 25–30 kDa containing a carbohydrate recognition domain (CRD) and metal binding
sites for divalent cations (Ca2+ and Mn2+) (Lagarda-Diaz et al., 2017). Despite the similarities in
primary, secondary and tertiary structures, the quaternary structures show considerable
variations and have functional implications as they dictate the specificity of multivalent glycan
binding (Bouckaert, Hamelryck, Wyns, & Loris, 1999; Vijayan & Chandra, 1999).
In this study, we employed bottom-up proteomics to identify lectins from various pulses
that might have different pharmacological functions especially antimicrobial and antimalarial
effects. We analyzed eleven different samples from nine different species, namely, Phaseolus
vulgaris, Cajanus cajan, Vigna radiata, Lens culinaris, Vigna mungo, Cicer arietinum, Vigna
unguiculata, Phaseolus lunatus, and Pisum sativum. These are the most widely produced and
consumed pulses with significant nutritional values. Pulses have provided us with different
nutritional compounds that perform various physiological functions. Some pulses are effective as
antimicrobial (Breitenbach et al., 2018) or anticancer agents (Lam & Ng, 2011). In this study, we
aimed to identify new lectins from the pulses and to perform in-vitro experiments to determine
their pharmacological activities.
Materials & Methods
Preparation of Crude Extract
Pulses were purchased from local shops and grinded in a Retsch mixer mill 400, at 30 Hz
for 2-4 minutes using two large metal balls. Later, 1 g of fine lentil powder was added to 10 ml
PBS (1X, pH- 7.0) and mixed by agitation overnight at 4°C. The extract was filtered through two
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layers of cheese cloth and centrifuged at 10,000 rpm for 30 minutes at 4°C. The supernatant was
used as crude extract and stored at -20 °C.
Preparation of Aqueous Two‐Phase System (ATPS)
The ATPS was prepared by adding 15% (NH4)2SO4 (w/w), 18% PEG 600 (w/w), 0.4 g/5 g
NaCl, and 1 mL of pulse seed crude extract. Ultrapure water was used to bring the final weight
of the system to 5 g. The mixture was vortexed, and the pH of the system was adjusted to 7.5
using NaOH (1 mol/L). The complete phase separation was achieved by centrifuging at 2000 g for
10 minutes at 25°C. The top phases were collected to measure protein concentration and protein
separation by SDS-PAGE.
Electrophoresis
SDS-PAGE was carried out in order to evaluate the purity of protein in the phases, using
12% Criterion™ TGX™ Precast Midi Protein Gel. 10 µl of crude extract and 20 µl of semi-purified
upper fraction were added to 6X loading buffer. Later the buffer was boiled for 10 minutes and
15 µl of each sample was loaded on the 12% SDS gel. The gel was run for approximately 95
minutes using tris-glycine–SDS running buffer at constant voltages of 80V for stacking gel and
120V for separating gel. After the end of the electrophoresis, the gel was stained with Coomassie
brilliant blue R-250 for 30 minutes and decolorized with destaining solution.
In gel digestion
Protein was denatured and digested in gel following the procedures published previously
(Shevchenko, Tomas, Havlis, Olsen, & Mann, 2006). The gel bands were cut, transferred to
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eppendorf tubes, and the gel was grinded using tips. Later 500 µl of acetonitrile was added to
each sample and kept for 10 minutes. Acetonitrile was then removed and proteins were
denatured by incubating the samples in 40 µl of 10 mM DTT for 30 minutes at 560C. Samples were
cooled down at room temperature, DTT was removed, and 500 µl of acetonitrile was added to
each sample. After 10 minutes, acetonitrile was removed and 40 µl of 55 mM iodoacetamide was
added and incubated in the dark for 20 minutes at room temperature. Later iodoacetamide was
removed and 500 µl acetonitrile was added and incubated for 10 minutes at room temperature.
Protein was digested by incubating the proteins with sequencing grade trypsin in 10 mM of
ammonium bicarbonate buffer overnight at 37 0C. Proteins were extracted using an extraction
buffer, and the extraction buffer later evaporated through vacuum centrifuge. Proteins were redissolved in 20 µl of 0.1% TFA, centrifuged for 15 minutes and stored at -200C.
LC-MS/MS analysis
The protein samples were analyzed on an Orbitrap Fusion Tribrid mass spectrometer
(Thermo Fisher Scientific) coupled to a Dionex Ultimate nano 3000 (Dionex, Sunnyvale, CA).
Samples were loaded onto an Acclaim PepMap 100 C18 nanocolumn (0.75 mm × 150 mm, 2 μm,
Thermo Fisher Scientific). The peptides were eluted with a gradient consisting of 2%–35% solvent
B (0.1% formic acid in acetonitrile) with a balance of solvent A (0.1% formic acid in water) over
18 minutes, ramped to 95% B over 1 minute, held for 4 minutes, and then returned to 2% B over
1 minute and held for 6 min with the flow of 0.3 µl/min. Peptides were eluted directly into the
nanospray source using a conductive nanospray emitter. All data were acquired in positive ion
mode at a spray voltage of 2400 V and a heated capillary temperature of 300 °C. Collision-induced
dissociation (CID) was used to fragment peptides, with an isolation width of 3 m/z units. In CID
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mode, full MS scans were acquired from m/z 350 to 2000 followed by eight subsequent MS2
scans on the top eight most abundant peptide ions.
Database searching
The target database was formed by using the Non-redundant reviewed database (SwissProt), species specific reviewed database (Swiss-Prot) and species specific un-reviewed database
(TrEMBL) from Uniport (https://www.uniprot.org/). Swiss-Prot is a database for manually
annotated and reviewed proteins, and TrEMBL is a computationally analyzed un-reviewed
database. The decoy database was created by reversing the sequence of the target database.
Protein search was performed using ByOnic (Protein Metrics, San Carlos CA) software with the
following search parameters: precursor mass tolerance 100 ppm, fragment mass tolerance 0.4
Da, enzymatic cleavage with two possible missed cleavages, and fixed modification with
iodoacetamide (57.021464Da). The proteins were identified with 2% FDR and only those
identifications which showed minimum of three peptides in protein search were considered for
future analysis in the Swiss-Prot database. However, for the analysis of the TrEMBL database, 2%
FDR and no peptide cut off were employed, and all the proteins identified through Byonic search
were subjected to further analysis.
Pfam (Bateman et al., 2009) and the NCBI-CCD database (Marchler-Bauer et al., 2015) were used
to annotate the uncharacterized proteins identified in the TrEMBL search.
Results
SDS gel analysis indicated the presence of lectins in three different molecular weight
bands, as shown in Figure 14. Nine different species were analyzed, and mass spectrometric
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analysis was performed for three molecular bands (45,35,25 kDa) for each sample from the gel.
A total of seven lectin proteins were identified for P. vulgaris, of which three were characterized
in the Swiss-Prot database. The other four proteins were identified in the TrEMBL database
search and later annotated using Pfam, as shown in Table 1. Homology analysis of these seven
proteins was performed using Clustal Omega (Sievers et al., 2011), and multiple sequence
alignments of the lectin from different databases were made. As shown in Figure 15, lectins from
TrEMBL database annotated with Pfam, had a higher degree of consensus with the Swiss-Prot
lectins, indicating the positive identification. Alpha-amylase inhibitor protein had a higher degree
of amino acid sequence similarity with legume lectin domain protein (V7C3R6), however,
phytohemagglutinin leucoagglutinating (PHA L) and erythroagglutinating (PHA E) had similarity
with V7C787, V7C654, V7BC16 proteins identified from the TrEMBL database search, indicating
that the genes for PHA-E, PHA-L, and alpha-amylase inhibitor are all linked, and occur at the same
locus based on the gene mapping research (Chrispeels & Raikhel, 1991). No Swiss-Prot reviewed
protein was identified from the species C. cajan; however, one lectin was identified in the TrEMBL
database source, as shown in Table 2. As the number of identified peptides and sequence
coverage were very low, we assume it might not be the true identification. Moreover, very little
similarity among the lectins of C. cajan and P. vulgaris were found when the sequences were
aligned. The species, V. radiate, also produced similar results as C. cajan with no lectin
identification in the Swiss-Prot search, but the TrEMBL database search identified lectins with
very few peptides and sequence coverage, as shown in Table 3. For both C. cajan and V. radiate
species, PHA L and E were identified from P. vulgaris. Swiss-Prot and TrEMBL database searches
of the L. culinaris identified lectins in both searches (Table 4), and lectin identified in the TrEMBL
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database search has shown similarity with Swiss-Prot identified lectin when the amino acid
sequence aligned using Clustal Omega (Figure 16). For V. mungo, lectin was identified in TrEMBL
search, but no specific lectin from this specie was identified in the Swiss-Prot search. PHA E/L
from P. vulgaris were identified with a non-redundant database search, as shown in Table 5.
Lectin form C. arietinum was identified in both non-redundant and Swiss-Prot database searches
(Table 6). Swiss-Prot search for the species V. unguiculata did not find any lectin for this specie,
but TrEMBL identified one seed lectin with only one peptide matching and very low sequence
coverage (Table 7). For P. lunatus, no lectin was identified in the Swiss-Prot search; however,
four different lectins were identified with the TrEMBL search, as shown in Table 8, and sequence
alignment analysis indicates a high degree of similarity (Figure 17). In the case of P. sativum, lectin
proteins were identified in all the database searches along with PHA E lectin in the non-redundant
database, as shown in Table 9. The number of proteins identified using different databases
significantly vary from each other, as shown in Appendix 1.
Discussion
In 1960, Nowell made the discovery that lectin of the red kidney bean (P. vulgaris), known
as phytohemagglutinin (PHA), is mitogenic (Nowell, 1960). This finding brought lectins into the
limelight, and since then, there have been great strides in the knowledge of lectin and lectinology.
Lectins are generally found between 35-45 kDa in SDS gel analysis, and during this experiment,
three bands (25, 35, 45 kDa) were cut and analyzed. We detected three major lectins, PHA E, PHA
L and alpha amylase inhibitor, in all three bands. We reasoned the lectins were detected in all
three bands due to the high sensitivity of the MS instrument. Moreover, during the LC analysis
there might be some carryover of lectins that might be detected in the MS analysis. Furthermore,
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the proteins also travel within the gel rather than being static, and, as we analyzed very close
bands, it was possible to detect the same proteins in these three close bands. These types of
lectins show remarkable homology sequences with other legume lectins (He et al., 2015), and
the structures are well characterized. PHA consists of two types of polypeptide chains called E
and L, reflecting their preferential binding to erythrocytes and leukocytes, respectively (He et al.,
2018). For P. vulgaris and two of its varieties, Pinto beans and Black turtle, we positively identified
the two dominants lectins, PHA E & L in the Swiss-Prot database search, indicating presence of
the lectins and reliability of the methods. Moreover, PHA E and L were identified for almost all
the pulses analyzed maybe due to their extreme similarity with other legume lectins. Additionally,
four lectin domains were identified in a TrEMBL search and annotated using the Pfam database.
Globulins, albumins, and glutelins are the major proteins found in the seeds of C. cajan,
also known as Pigeon pea, (Roy, Boye, & Simpson, 2010) with globulins making up about 65% of
the total protein in pigeon pea (Singh & Jambunathan, 1982). Although lectins might be present
as minor bioactive proteins (Campos, Loarca, & Oomah, 2010) in C. cajan, our proteomics
analysis showed no lectins present in the Swiss-Prot search. This might be due to the fact that
the Uniprot reviewed database has no reviewed lectin entries for this species and consequently
no lectin identification for the C. cajan. V. radiata, also known as mung beans, are composed of
about 20–24% protein. Globulin and albumin are the main storage proteins found in mung bean
seeds and make up over 60% and 25% of the total mung bean protein, respectively (Tang, Dong,
Ren, Li, & He, 2014). Like C. cajan, the Uniprot reviewed database has no lectins specified for V.
radiate, which is why we were not able to find any lectins in a reviewed database search, although
a TrEMBL search identified two lectin domains with very little sequence coverage and might be
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a false identification. The identification of proteins was made with 2% FDR for the TrEMBL
database, and functionally non-assigned proteins were annotated using the Pfam database.
However, for both C. cajan and V. radiate, lectins were identified from P. vulgaris with the nonredundant database search and this might be due to the fact that both of these species seed
lectins show extreme homology with PHA E and L lectins when aligned in Clustar Omega software,
as shown in Figure 18.
L. culinaris, also known as lentils, are abundant sources of protein storage, providing
essential and non-essential amino acids to the human body (Ganesan & Xu, 2017). The
predominant proteins in lentils are globulin (47% of the total seed proteins) and an adequate
quantity of albumin (Lombardi, Ruggeri, Aguzzi, & Cappelloni, 2003). Lectins are present as major
bioactive components in the lentils and are well-characterized proteins. Bottom-up proteomics
analysis identified different lectins from L. culinaris in all three database searches. Homology
analysis indicated sequence agreement of L. culinaris and P. vulgaris lectins; however, no
significant homology was observed with lectins identified from P. sativum and another species.
Again, there is no reviewed Swiss-Prot entry for V. mungo, and no lectin was identified with a
reviewed database searches. The homology analysis of identified lectins showed moderate
agreement with lectins of V. mungo. C. arietinum, commonly known as the chickpea, is a good
source of carbohydrates and protein, together constituting about 80 % of the total dry seed mass
(Chibbar, Ambigaipalan, & Hoover, 2010).
Lectins were identified with three database searches for C. arietinum; however, we
identified lectins from P. vulgaris during the analysis of C. arietinum. Homology analysis showed
poor sequence alignment, but we are not sure why PHA E and L lectins were identified during the
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analysis. V. unguiculata, or cowpeas seeds, provide a rich source of proteins and calories, as well
as minerals and vitamins (Goncalves et al., 2016) and can consist of 25% protein with very low
fat content (Rangel, Domont, Pedrosa, & Ferreira, 2003). There are few lectin entries in the
uniprot reviewed database; however, our proteomics analysis was not able to identify any of the
lectins from cowpeas with the search parameters. Proteomics analysis of P. lunatus showed no
lectin was detected during the analysis with reviewed database searches although there is a lectin
entry in the Swiss-Prot database. However, a TrEMBL search found four different lectins with high
degree of homology in their sequences indicating the presence of lectins. P. sativum, or peas,
presents interesting pharmacological activities, and recent studies demonstrated that pea lectin
inhibited Ehrlich ascites carcinoma cells (Dias et al., 2015). All the lectins identified from different
database searches showed significant homology while their sequences aligned using Clustal
Omega Figure 19.
Conclusion
We employed proteomics strategy to identify new lectins from various pulses. With LCMS and protein database analysis, we were able to identify different lectins from various pulses.
Moreover, we annotate some lectins proteins identified in protein database searches using the
Pfam database. Currently, all the pulses samples are under in vitro investigation to find
pharmacological (antimicrobial and anti-malarial) effects of the pulses components. Separation
of the lectins from these pulses using affinity chromatography and subsequent pharmacological
investigation holds promise to diversify the use of these pulses.
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Figure 13: Three dimensional structure of lectin (A) tetramer with carbohydrate recognition
domains (red); (B) amplified image of monomer with β-sheets (yellow), α-turns (purple), metal
binding sites (area with green and gray spheres) and carbohydrate recognition domain (area
occupied by the grey and red molecule). Open access and permitted to use (Lagarda-Diaz,
Guzman-Partida et al. 2017)
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Figure 14: Gel electrophoresis analysis of different pulses to identify lectin.
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Protein name

Accession

Species

Log
probability

Database

number
PHA L

P05087

P. vulgaris

129.03

Non-redundant

PHA E

P05088

P. vulgaris

76.91

Non-redundant

Alpha-amylase inhibitor

P02873

P. vulgaris

41.20

Non-redundant

Legume lectin domain

V7C787

P. vulgaris

230.51

Pfam

Legume lectin domain

V7C654

P. vulgaris

142.51

Pfam

Legume lectin domain

V7C3R6

P. vulgaris

86.92

Pfam

Legume lectin domain

V7BC16

P. vulgaris

6.07

Pfam

Table 1: Lectin identified from P. vulgaris with protein database search. Swiss-Prot search
identified lectin where Pfam database used to annotate the uncharacterized protein in TrEMBL
search
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Protein name

Accession
number

Species

Log probability

Database

PHA L

P05087

P. vulgaris

42.12

Non-redundant

PHA E

P05088

P. vulgaris

31.36

Non-redundant

Lectin-domain
containing receptor
kinase

A0A151SKL1

C. cajan

0.58

TrEMBL

Table 2: Lectin identified from C. cajan with protein database search. Swiss-Prot or nonredundant search did not identify lectin where TrEMBL found of lectin domain
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Accession number

Species

Log probability

Database

PHA L

P05087

P. vulgaris

21.90

Non
redundant

PHA E

P05088

P. vulgaris

6.20

Non
redundant

Mannosespecific
lectin

A0A1S3V2P1

V. radiata

5.10

TrEMBL

Probable Ltype lectindomain

A0A1S3VR88

V. radiata

0.40

TrEMBL

Protein
name

Table 3: Lectin identified from V. radiata with protein database search. Swiss-Prot or nonredundant search did not identify lectin where TrEMBL found of lectin domain
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Protein name

Accession number

Species

Log probability

Database

Lectin

Q93WH6

L. culinaris

22.82

Non
redundant

PHA E

P05088

P. vulgaris

15.78

Non
redundant

Legumin

P15838

P. sativum

7.87

Non
redundant

Alphaamylase
inhibitor

P02873

P. vulgaris

15.35

Non
redundant

Lectin

A0A173G7D5

L. culinaris

61.44

TrEMBL

PHA L

P05087

P. vulgaris

28.82

Non
redundant

Table 4: Lectin identified from L. culinaris with protein database search. Both reviewed and unreviewed database were able to identify lectin.
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Protein name

Accession
number

Species

Log probability

Database

Lectin (Fragment)

A2BCP2

V. mungo

1.35

TrEMBL

PHA E

P05088

P. vulgaris

15.56

Non
redundant

PHA L

P05087

P. vulgaris

15.83

Non
redundant

Alpha-amylase inhibitor

P02873

P. vulgaris

5.50

Non
redundant

Lectin

Q93WH6

L. culinaris

10.93

Non
redundant

Table 5: Lectin identified from V. mungo with protein database search. No lectin identified for V.
mungo with Swiss-Prot search, however, lectin identified in non-redundant search from different
species.
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Protein name

Accession number

Species

Log probability

Database

Legumin

Q9SMJ4

C. arietinum

18.77

Non redundant

PHA E

P05088

P. vulgaris

6.56

Non redundant

PHA L

P05087

P. vulgaris

16.07

Non redundant

legumin A-like
isoform

A0A1S2XSB9

C. arietinum

68.93

TrEMBL

legumin J-like
isoform

A0A1S2XVG1

C. arietinum

33.07

TrEMBL

legumain

A0A1S2Z637

C. arietinum

10.91

TrEMBL

legumin like

A0A1S2XTK6

C. arietinum

8.57

TrEMBL

Table 6: Lectin identified from C. arietinum with protein database search.
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Protein name

Accession number

Species

Log probability

Database

Lectin (Fragment)

A4FS28

V. unguiculata

5.44

TrEMBL

PHA E

P05088

P. vulgaris

10.48

Non
redundant

Table 7: Lectin identified from V. unguiculata with protein database search. No lectin identified
for with Swiss-Prot search but lectin found with TrEMBL with minimum peptide and sequence
coverage.
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Protein name
Alpha-amylase
inhibitor

Accession number

Species

Log probability Database

P. lunatus

139.51

TrEMBL

P. lunatus

96.31

TrEMBL

P. lunatus

11.68

TrEMBL

P. lunatus

5.05

TrEMBL

P. vulgaris

3.96

Nonredundant

Q9LED6

Lectin
Q9LED8
Lectin 2
P93456
Lectin 1
P93455
PHA E

P05088

Table 8: Lectin identified from P. lunatus with protein database search. No lectin identified for
with Swiss-Prot search but lectin found with TrEMBL with minimum peptide and sequence
coverage.
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Protein name

Accession number

Species

Log probability

Database

Alpha-amylase
inhibitor

P02873

P. vulgaris

3.48

Nonredundant

P. sativum

12.40

Nonredundant

P. vulgaris

20.46

Nonredundant

P. sativum

43.93

TrEMBL

P. vulgaris

46.39

Nonredundant

Lectin
P02867
PHA L
P05087
Lectin
B5A8N6
PHA E

P05088

Table 9: Lectin identified from P. sativum with protein database search. No lectin identified for
with Swiss-Prot search but lectin found with TrEMBL with minimum peptide and sequence
coverage.
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Figure 15: Sequence Homology analysis of lectins identified with different database search for
P. vulgaris
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Figure 16: Sequence Homology analysis of lectins identified with different database search for L.
culinaris
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Figure 17: Sequence Homology analysis of lectins identified with different database search for P.
lunatus

62

Figure 18: Sequence alignment for lectin protein from three different species P. vulgaris, C. cajan,
V. radiata
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Figure 19: Sequence Homology analysis of lectins identified with different database search for P.
sativum
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Species Name

Molecular

Database

Number of Proteins

Weight (kDa)
Phaseolus vulgaris

25

Non-redundant Swiss-

41

Prot
Specie Specific Swiss Prot

35

45

Cajanus cajan

25

35

7

TrEMBL

257

Non-redundant SwissProt

18

Specie Specific Swiss
Prot

24

TrEMBL

155

Non-redundant SwissProt

47

Specie Specific Swiss
Prot

6

TrEMBL

233

Non-redundant SwissProt

28

Specie Specific Swiss
Prot

30

TrEMBL

196

Non-redundant SwissProt

20

84

45

Vigna radiata

25

35

45

Lens culinaris

25

Specie Specific Swiss
Prot

16

TrEMBL

177

Non-redundant SwissProt

43

Specie Specific Swiss
Prot

5

TrEMBL

201

Non-redundant SwissProt

33

Specie Specific Swiss
Prot

0

TrEMBL

272

Non-redundant SwissProt

22

Specie Specific Swiss
Prot

0

TrEMBL

213

Non-redundant SwissProt

44

Specie Specific Swiss
Prot

7

TrEMBL

293

Non-redundant SwissProt

38

Specie Specific Swiss
Prot

1

85

35

45

Vigna mungo

TrEMBL

76

Non-redundant SwissProt

38

Specie Specific Swiss
Prot

1

TrEMBL

77

Non-redundant SwissProt

42

Specie Specific Swiss
Prot

1

TrEMBL

106

Non-redundant SwissProt

34

Specie Specific Swiss
Prot

1

TrEMBL

39

Non-redundant SwissProt

25

Specie Specific Swiss
Prot

0

TrEMBL

52

Non-redundant SwissProt

7

Specie Specific Swiss
Prot

0

25

35

45

86

Cicer arietinum

25

35

45

Vigna unguiculata

25

35

TrEMBL

1

Non-redundant SwissProt

33

Specie Specific Swiss
Prot

4

TrEMBL

189

Non-redundant SwissProt

26

Specie Specific Swiss
Prot

14

TrEMBL

144

Non-redundant SwissProt

33

Specie Specific Swiss
Prot

8

TrEMBL

205

Non-redundant SwissProt

25

Specie Specific Swiss
Prot

18

TrEMBL

53

Non-redundant SwissProt

24

Specie Specific Swiss
Prot

0

87

45

Phaseolus lunatus

25

35

45

25

TrEMBL

98

Non-redundant SwissProt

24

Specie Specific Swiss
Prot

4

TrEMBL

66

Non-redundant SwissProt

21

Specie Specific Swiss
Prot

2

TrEMBL

59

Non-redundant SwissProt

18

Specie Specific Swiss
Prot

2

TrEMBL

58

Non-redundant SwissProt

28

Specie Specific Swiss
Prot

2

TrEMBL

64

Non-redundant SwissProt

24

88

Phaseolus vulgaris var
Pinto

35

45

Phaseolus vulgaris var

25

Specie Specific Swiss
Prot

17

TrEMBL

193

Non-redundant SwissProt

19

Specie Specific Swiss
Prot

20

TrEMBL

163

Non-redundant SwissProt

29

Specie Specific Swiss
Prot

4

TrEMBL

173

Non-redundant SwissProt

24

Specie Specific Swiss
Prot

27

TrEMBL

191

Non-redundant SwissProt

22

Specie Specific Swiss
Prot

6

Black turtle

35

45

TrEMBL

140

Non-redundant SwissProt

30

89

Pisum sativum

25

35

45

Specie Specific Swiss
Prot

30

TrEMBL

172

Non-redundant SwissProt

43

Specie Specific Swiss
Prot

37

TrEMBL

122

Non-redundant SwissProt

32

Specie Specific Swiss
Prot

17

TrEMBL

118

Non-redundant SwissProt

39

Specie Specific Swiss
Prot

33

TrEMBL
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Appendix 1: Total number of proteins identified with three different databases for various pulses.
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